The desmid Closterium peracerosum-strigosum-littorale complex, which is the closest unicellular sister to land plants, is the best-characterized of the charophycean green algae with respect to the process of sexual reproduction. To elucidate the molecular mechanism of intercellular communication during sexual reproduction, we created a normalized cDNA library from mixed cells of the sexual and the vegetative phases, and generated a cDNA microarray. In total, 3,236 ESTs, which were classified into 1,615 nonredundant groups, were generated for cDNA microarray construction. Candidate genes for key factors involved in fertilization, such as those that encode putative receptor-like protein kinases, leucine-richrepeat receptor-like proteins, and sex pheromone homologues, were up-regulated during sexual reproduction and/or by the addition of the purified sex pheromones, and the expression patterns of these genes were confirmed by quantitative real-time PCR analysis. This first transcriptome profile of Closterium will provide critical clues as to the mechanism and evolution of intercellular communication between the egg and sperm cells of land plants.
7 redundancy. To analyze both quantitatively and qualitatively genes related to the process of sexual reproduction of C. pslc, 2,304 PCR-amplified cDNA inserts were isolated from the normalized cDNA library. In addition to these cDNA inserts, 760 cDNA inserts, which were derived from previously determined nonredundant EST groups, were prepared (Sekimoto et al., 2003) . These 3,064 cDNAs were spotted twice (left-and right-hand sides) onto each slide, to increase the reliability of the microarray data.
Features of ESTs from Sexual and Vegetative Closterium Cells
While spotting the cDNA inserts, single-pass sequencing from the 5'-end was performed on the 2,304 uncharacterized cDNAs. After the removal of vector-derived sequences and ambiguous sequences, we obtained sequence information for 2,046 cDNAs. In addition to the previously obtained 1,190 ESTs (accession numbers AU294770 to AU295959), 3,236 ESTs were established in all (Supplemental Table I ). Clones that showed identity of >98% over stretches of >100 bp were grouped together, and the ESTs were clustered into 1,615 nonredundant sequences, though the real number of independent genes should be <1,615 due to nonoverlapping fragments derived from the same genes.
The EST sequences were compared with the public nonredundant protein sequence databases using the BLASTX program, and E<1.0e -5 was set as the level of significance.
Thus, 1,045 of the 1,615 nonredundant sequences showed similarity to previously registered genes in the public databases. The source group with the highest similarity was land plants,
including Arabidopsis thaliana.
The search results, which include the names of the proteins putatively encoded by EST clones as well as the accession numbers of the ESTs (BW646625 to BW648670), are shown in Supplemental Table I. www.plantphysiol.org on November 11, 2017 -Published by Downloaded from Copyright © 2006 American Society of Plant Biologists. All rights reserved.
cDNA Microarray Analysis of Gene Expression
To monitor gene expression patterns during the sexual reproduction of C. pslc, Cy5-labeled cDNA populations were prepared from cells that were incubated in MI medium with the opposite mating type for 2, 8, 24, and 72 h (mixing culture). As controls, Cy5-labeled cDNA populations from the respective mating types, incubated separately for 8 h in MI medium at a low cell density (mt + -L and mt --L), were also prepared. These populations were independently hybridized to the microarray. To determine the changes in gene expression levels during these processes, the expression levels of the cells just before mixing (mt + -0, mt --0) were also examined. After scanning and quantification, normalization was performed for each hybridization (Supplemental Table II ).
In order to identify genes that are specifically expressed during sexual reproduction, cDNA spots were selected that showed a fivefold increase in expression over the time-course of sexual reproduction, as compared to the mt + -L or mt --L cells. Those cDNA spots that were differentially expressed in mt + cells, compared to mt -cells, were also chosen as sex-specific genes and vice versa. To analyze pheromone-responsive genes, cDNA spots, the expression levels of which were elevated fourfold by the addition of PR-IP or PR-IP Inducer, were selected. In all, 292 cDNA spots were identified. To obtain sequence information for the selected cDNAs, the 5'-ends of which showed no sequence similarities, single-pass sequencing was carried out from the 3'-ends. The sequences of these 292 cDNA could be classified into 88 nonredundant gene clusters, and the average values of the respective gene clusters were used in the final dataset (Table I; Supplemental Table III) .
Clustering of Sexual Reproduction-related Genes with Respect to Expression Patterns
The 88 gene clusters were subdivided into groups with respect to similar expression patterns during conjugation, sex-specificity, and responses to sex pheromone treatment. We classified 13 and 25 gene clusters in which gene expression was observed preferentially in 9 one of the sexes (mt + -L and mt --L) as groups A and B, respectively. Of the remaining 50 gene clusters, 44 clusters whose expression was elevated during conjugation were classified into group C. In addition, 25 and 16 gene clusters that were expressed in response to PR-IP Inducer and PR-IP were classified into groups D and E, respectively. As most of the pheromone-responsive genes showed elevated expression levels during conjugation, these genes were placed into subgroups C-D, C-E, D-E, and C-D-E (Fig. 1) .
Genes Expressed Specifically in One of the Mating Types
Among the 13 gene clusters in group A, eight showed similarities with known proteins.
Two of these clusters (cluster ID: 97 and 247) showed similarities with aquaporins, which represent an ancient family of channel proteins that transport water and certain neutral solutes across biological membranes (Chaumont et al., 2001) , and these clusters were termed
CpAQP1 and CpAQP2, respectively. The deduced amino acid sequences of CpAQP1 and CpAQP2 showed 93.1% identity with each other and contained Asn-Pro-Ala motifs, which were conserved within the family. During sexual reproduction, condensation of the cytoplasm and release of protoplasts from the cell wall are observed (Sekimoto et al., 1990) . For these processes, the content of water and/or some solutes in cells must undergo change. These proteins may play a role in these processes. In higher plants, aquaporins comprise four different groups of highly divergent proteins, being present in the tonoplast, plasma membrane, and possibly in other internal membranes. encoding genes reported by us, these are the first genes implicated in the sexual reproduction of Closterium; furthermore, they will be useful in characterizing the metabolic changes that occur during the process of reproduction. kDa subunits (ID: 9 and 239) were also found to be involved, which suggests that the gene products also play roles in the progress of sexual reproduction, presumably as pheromones of unknown function.
PR-IP
One of the remaining genes showed significant similarity with phytochrome A repressor proteins (ID: 1454). Indeed, light is indispensable for the sexual reproduction of Closterium, although the light requirement for mating activation has been suggested as being primarily dependent on photosynthesis (Ueno and Sasaki, 1978; Kato et al., 1983; Sekimoto and Fujii, 1992) . Some photo-sensing molecules and a regulatory mechanism should be involved in the regulation of the progression of sexual reproduction (Sekimoto and Fujii, 1992 ). The products of two genes showed high levels of sequence similarity to the glutathione S-transferase of Nostoc punctiforme (ID: 502) and an unknown protein of Arabidopsis thaliana (819). The remaining 12 genes did not show any significant similarities to known proteins.
PR-IP-responsive Genes Expressed Specifically in Mt + Cells
In subgroup C-E, 11 gene clusters were found. Among these, we identified cDNA clone 136, the product of which showed high-level similarity to leucine-rich repeats (LRR)-containing transmembrane protein kinase. Several leucine-rich repeats and a transmembrane domain were found at the 5'-end and 3'-end, respectively, while conserved regions for the kinase domain could not be found at the 3'-end (data not shown). Therefore, this cDNA clone was named CpRLP1 (receptor-like protein-1 Among the other eight genes of subgroup C-E, one gene (ID: 285) did not show any sequence homology to known proteins. At present, the roles of these genes in sexual interaction remain unclear.
Genes Expressed in Response to Both Pheromones
Two genes were up-regulated not only during sexual reproduction but also in response to both pheromones (subgroup C-D-E). One of these genes (ID: 1484) showed weak sequence similarity to the hypothetical protein of Dictyostelium discoideum, while the other (ID: 1456)
showed a high level of similarity to putative glyoxalase II (AtGLX2-3; U74610). The latter gene was named CpGLX2-1. Glyoxalase II is part of the glutathione-dependent glyoxalase detoxification system and is thought to be involved in cell proliferation. It belongs to the 
Real-time PCR Analysis Clustering of Sexual Reproduction-related Genes with Respect to Expression Patterns
To confirm the expression patterns obtained in our microarray analyses and to check the reliability of the data, quantitative real-time PCR was performed using TaqMan probes for eight representative genes (Supplemental Table IV ). The expression levels of six conjugationrelated genes [CpRLP1, CpRLK1, the gene encoding the 19-kDa subunit of PR-IP (Cp19KSU), CpGLX2-1, and genes showing no homology (tentatively named Cp-01 and Cp-48)] were elevated during sexual reproduction (Fig. 2) . The expression levels of CpRLK1, Cp19KSU,
and Cp-01 in mt + cells were stimulated by the addition of PR-IP Inducer, whereas those of CpRLP1 and Cp-48 in mt -cells were also stimulated by the addition of PR-IP (Fig. 3A, B ). In the case of CpGLX2-1, the stimulatory effects of both sex pheromones in opponent cells were also confirmed (Fig. 3C ). In the case of two sex-specific genes (Cp-41 and the PR-IP-inducer gene CpPI), the expression of Cp-41 was restricted in mt + cells, whereas the accumulation of
CpPI mRNA was limited in mt -cells, especially at low cell density in nitrogen-depleted medium (Fig. 4) . These results are concordant with the expression patterns obtained from the microarray analyses, and indicate that the microarray data presented here are highly reliable. 
CONCLUSIONS AND PERSPECTIVES
In this study, we generated an additional 2,046 ESTs. The resulting 1,615
nonredundant ESTs, which include the 760 previously characterized nonredundant clones, are available for downstream experiments and in silico analyses. Subsequently, the cDNA microarrays, on which 3,064 ESTs were spotted, were constructed to reveal comprehensive gene expression profiles during the sexual reproduction process (Supplemental Table II ).
According to the expression patterns, the genes spotted on the glasses could be classified into several groups. Thirty-eight mating-type-specific genes and 50 conjugation-related and/or pheromone-responsive genes were discovered, none of which have previously been deposited in the public databases, with the exception of the previously reported sex pheromone genes, genes in C. pslc showed similarities to previously deposited genes from land plants, including hypothetical genes and/or genes whose functions were unknown (Supplemental Table III _0 , mt -_0, mix_2 h, mix_8 h, mix_24 h, and mix_72 h) using a cDNA library synthesis kit (Superscript Plasmid System; Invitrogen), according to supplier instructions. This primary cDNA library and two previously prepared cDNA libraries (Sekimoto et al., 2003) derived from cells in the various stages of sexual reproduction were mixed. Normalization was performed as previously described (Sekimoto et al., 2003) , and used to derive EST sequence information.
MATERIALS AND METHODS

Sequence Analysis
The EST sequences were determined using the multi-capillary automated DNA sequencers RISA-384 (Shimadzu Corporation, Kyoto, Japan) and CEQ 2000XL (Beckman Coulter, Fullerton, CA, USA). Both vector-derived and ambiguous sequences were removed from the collected EST sequences by computer-aided analyses. Each sequence was then subjected to similarity searching against the NCBI nonredundant protein database (nr) using the BLASTX algorithm. Sequence similarities were considered significant when the expected value was <1.0e -5 at the amino acid sequence level. EST redundancy was checked using an alignment program (BLAST) with a dataset of itself (Altschul et al., 1990) . Clones that showed >98% identity for stretches of more than 100 bp were grouped together. The identified sequences have been deposited in the DNA Database in Japan (accession numbers BW646625 to BW648670).
Preparation and Analysis of the cDNA Microarray
The inserts of the cDNA clones were amplified by polymerase chain reaction (PCR) using T7 and SP6 universal primers that were complementary to the vector sequences flanking both sides of the cDNA insert. The PCR products were purified using 96-well 
Real-time PCR
Real-time PCR analyses were performed with the ABI PRISM 7000 (Applied Biosystems, Foster City, CA, USA), according to the manufacturer's instructions. Primers and probes for the target sequences were designed using the Primer Express software (Applied Biosystems). The cDNA was synthesized from total RNA using the TaKaRa RNA LA PCR Kit (AMV) ver. 1.1 (Takara Bio, Ohtsu, Shiga, Japan) and random primers, according to the two independent experiments, with normalization to the expression of 18S rRNA. The expression level of each gene from an individual cDNA is indicated as the relative abundance;
the maximum value for the expression of each gene during conjugation is designated as 100. 
